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Abstract

Soy protein concentrate (SPC) is an abundant renewable material and is more economically favorable than soy protein isolate. SPC

contains both soy protein and soy carbohydrate. An aqueous dispersion of SPC was blended with styrene-butadiene latex to form elastomer

composites. The inclusion of soy carbohydrate in addition to soy protein in the composites increased the shear elastic modulus in the small

strain region as well as improved the recovery behavior in the non-linear region. At small strain, the equilibrium elastic modulus of 30% filled
composites at 140 °C was about 600 times higher than that of the unfilled elastomer, indicating a significant reinforcement effect generated by
SPC. Compared with soy protein isolate, the stress softening effect and recovery behavior under dynamic strain indicated that the addition of
soy carbohydrate might have increased the filler—rubber interaction. The behavior of modulus decrease with increasing strain is also different

between SPC and protein composites.
Published by Elsevier Ltd.
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1. Introduction

Soy protein concentrate (SPC) is a soy product after soy
whey (soluble carbohydrate) is removed from defatted
soy flour. Dry SPC is a rigid material and it contains both
soy protein and insoluble soy carbohydrate. A few recent
investigations have been made on the modulus enhancement
of rubbers by natural materials, for example, oil palm wood
[1], crab shell chitin [2], and bamboo fiber [3]. From the
perspective of renewable materials and environmental
reasons, soy protein and other soybean products have been
investigated as a component in plastic and adhesive
composites [4-8], but have been rarely investigated as a
reinforcement component in elastomers. Dry SPC has a
shear elastic modulus of ~3 GPa under ambient conditions.
Because the high rigidity of a reinforcement phase is one of
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the requirements in rubber reinforcement, dry SPC is
therefore a possible candidate for this application. Attempts
to use protein in rubber latex can be traced back to the
1930s. A few patents [9—11] had claimed the use of protein
in rubber composites. For example, Lehmann and cow-
orkers [11] had demonstrated the use of casein (milk
protein) in natural rubber latex to achieve approximately a
fourfold increase in the modulus. Protein as an additive in
rubber materials also has been claimed to improve the anti-
skid resistance of winter tread tires [12—-14]. In rubber
reinforcement, factors such as aggregate structure, effective
filler volume fraction, filler rubber interaction and elastic
modulus of filler clusters have important impact on the
modulus of rubber composites [15].

Previously, globular soy protein aggregates were used to
reinforce styrene-butadiene (SB) rubber and indicated a
significant reinforcement effect in the small strain region
[16]. However, soy protein isolate is not as economically
favorable as soy protein concentrate. Soy protein concen-
trate contains both soy protein and insoluble soy carbo-
hydrate and is obtained after water-soluble whey (soluble
carbohydrate) is removed from defatted soy flour. The
objective of this investigation is to compare its reinforce-
ment effect with soy protein isolate to obtain some
information on the effect of insoluble soy carbohydrate.
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In this study, the rubber matrix chosen was a styrene-
butadiene rubber with a small amount of carboxylic acid-
containing monomer units, because previous studies have
indicated the importance of the interaction between filler
and matrix [17]. Soy protein contains a significant amount
of carboxylic acid and substituted amine groups [18]. The
insoluble soy carbohydrate is also capable of interacting
with carboxylic functional groups in the SB matrix through
hydrogen bonding and ionic interaction. Structurally, soy
protein is a globular protein and its aggregate is similar to
colloidal aggregates, but soy carbohydrate is a non-globular
and film-forming material. For practical applications, the
issue of moisture sensitivity in some applications is always
associated with natural materials, but it may be improved
through product formulation and/or selective applications.
For example, it may be used as a component in multi-
layered structures, in coated objects, in elevated temperature
applications or as a rubber part in greasy/oily environments
where the moisture effect is minimal.

The rubber composites investigated here were prepared
by casting films from the dispersion of SPC and
carboxylated styrene-butadiene latex. To give some back-
ground on the rubber matrix of this composite, the
properties of carboxylated SB rubber will be described
briefly. Carboxylated SB rubber is classified as an ion-
containing polymer where the viscoelastic properties are
affected by molecular weight, degree of crosslinking, glass
transition temperature (7,), copolymer composition, the
number of ionic functional groups, the size of ionic
aggregation, the degree of neutralization, and the size of
the neutralizing ions [19,20]. Previous studies also have
shown honeycomb-like structures in the film of carboxy-
lated latexes due to higher concentration of carboxylic acid
groups on the particle surface [21]. Mechanically, the elastic
modulus of base rubber is not significant when compared
with the modulus of the filler network in highly filled
elastomeric composites [17].

2. Experimental procedures
2.1. Materials

The defatted soy flour (DSF) used in this research was a
spray dried powder (Nutrisoy 7B, Archer Daniels Midland
Company, Decatur, IL). Sodium hydroxide, used to adjust
pH, was ACS grade. Soy protein concentrate (SPC) was
obtained by coagulating an 11% DSF dispersion at pH 4.5
followed by centrifuging at 3000 rpm for 10 min. The
process was repeated three times and the resulting paste
with a solid content of 22% was used to prepare rubber
composites. Soy protein used in this research is a slightly
enzyme hydrolyzed soy protein isolate (PRO-FAM 781,
Archer Daniels Midland Company, Decatur, IL). It contains
more than 90% protein, ~6% ash and ~4% fat. The
carboxylated styrene-butadiene (SB) latex was a random

copolymer of styrene, butadiene, and small amount of
carboxylic acid-containing monomers [21] (CP 620NA,
Dow Chemical Company, Midland, MI). The glass
transition temperature of carboxylated SB Latex is
~ 10 °C determined by differential scanning calorimetry.
Seven carboxylated styrene butadiene latexes (Ameripol
Synpol) with T, ranged from —5 to 17 °C and styrene
content ranged from 57 to 67% were used as an empirical
calibration curve to estimate the styrene/butadiene ratio.
The styrene/butadiene ratio estimated from the 7, was
approximately 65/35. The dried latex is not known to be
soluble in any solvent or a combination of solvents. The
latex received had ~50% solids and a pH~ 6. The volume
weighted mean particle size of the latex was ~0.18 pm.

2.2. Preparation of elastomer composites

SPC was first dispersed in water and the pH was adjusted
to 9 with sodium hydroxide and then mixed with SB latex
already adjusted to pH 9. The ratio of ~5wt% SPC
dispersion vs. SB latex was varied to prepare dry composites
containing 10-30 wt% of SPC. The composites were
prepared by first casting an emulsion of the blend onto an
aluminum mold covered with a Teflon release sheet
(BYTAC from Saint-Gobain Performance Plastics) and
then allowing them to dry at 75 °C for 72 h. After drying, the
samples were removed from the mold and annealed at 110
and 140 °C for 24 h, respectively. The film of 100%
carboxylated SB rubber was prepared by adjusting the pH
of latex to 9 and drying under the same conditions as that of
the SPC/SB composites. The soy protein composites
(Soy/SB) were also prepared by the same procedure. The
dried carboxylated SB film contained less than 0.3%
moisture and the dried SPC/SB and Soy/SB composites
had moisture contents less than 0.8% as measured by a
halogen moisture analyzer (Mettler Toledo HR73) at 105 °C
for 60 min. For the 100% SPC and soy protein, torsion bars
could not be made by the casting method. The freeze-dried
powder was compression molded at 44 MPa and 140 °C for
2 h. After compression molding, the samples were relaxed
at 140 °C for 24 h. The weight fractions of soy protein in the
composites were converted to volume fractions by
measuring the density of SPC, soy protein, and SB. In
these density measurements, a low viscosity poly(dimethyl-
siloxane) was used as an immersion liquid and the
component volumes were assumed to be additive.

2.3. Scanning electron microscopy

The morphology of SPC and soy protein aggregates was
examined by scanning electron microscopy (SEM) using a
JEOL JSM-6400V instrument. Images of these soy products
were obtained by casting onto an aluminum substrate a
dilute dispersion of SPC or protein at pH 9 and at a
concentration of 0.004%. The samples on aluminum stubs
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were then coated with Au-Pd and examined under vacuum
at ambient temperature.

2.4. Particle size measurements

The mean particle size and distribution of SPC and
protein aggregates were measured by using a Horiba LA-
930 laser scattering particle size analyzer with the red light
wavelength of 632.8 nm and the blue light wavelength of
405 nm. The measurement is based on Mie scattering theory
and has a measurement range of 0.02-2000 pm. The volume
weighted mean diameter of 0.17 pm was obtained for the
styrene-butadiene latex and was in good agreement with the
particle size value of 0.18 um supplied by Dow Chemical
Company.

2.5. Dynamic mechanical measurements

A Rheometric ARES-LSM rheometer was used in all
dynamic mechanical measurements. Temperature ramp
experiments (Fig. 1) were conducted using a torsional
rectangular geometry with a heating rate of 1 °C/min and a
temperature range from —40 to 140 °C. The soak time at
each temperature after ramp was 15 s and the measurement
duration at each temperature was 30 s. When using torsion
rectangular geometry, torsional bars with dimensions of
approximately 40X 12.5X3 mm were mounted in the
torsion rectangular fixtures and the dynamic mechanical
measurements were conducted at a frequency of 0.16 Hz
(1 rad/s) and a strain of 0.05%.

For all strain sweep experiments, the oscillatory storage
and loss moduli, G'(w) and G"(w), were measured using a
torsional rectangular geometry. A rectangular sample with
dimension of approximately 12.5X20X 3 mm was inserted
between the top and bottom grips. The gap between the
fixtures was 5—6 mm in order to achieve a strain of ~ 15%.
A sample length shorter than 5 mm is not desirable because
of the shape change from the clamping at both ends of the
sample. The frequency used in the measurements was 1 Hz.
The oscillatory storage and loss moduli were measured over
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Fig. 1. Storage moduli of SPC/SB and Soy/SB composites. The weight
fraction of filler is indicated at the end of each curve.

a strain range of approximately 0.007-15%. The actual
strain sweep range was limited by sample geometry and
motor compliance at large strain, and by transducer
sensitivity at small strain. Although harmonics in the
displacement signal may be expected in non-linear material,
a previous study [22] indicated that the harmonics are not
significant if the shearing strain does not exceed 100%. Each
sample was conditioned at 80 or 140 °C for 30 min and then
subjected to eight cycles of dynamic strain sweep in order to
study the stress softening effect.

3. Results and discussions
3.1. Shear elastic modulus

As shown in Fig. 1, the addition of SPC dispersion into
styrene-butadiene rubber caused a significant reinforcement
effect in the rubber plateau region. The reinforcement effect
was proportional to the SPC content. Comparing SPC and
soy protein filled composites at 20 and 30% concentrations,
the difference in the moduli was significant between these
two composites. The elastic moduli of 100% SPC and soy
protein are also shown in the top portion of Fig. 1. SPC
prepared under the same condition as that of soy protein
exhibited a higher elastic modulus. The higher rigidity of
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Fig. 2. (a) Loss modulus (G") of SPC composites. (b) Loss modulus (G”) of
SOy protein composites.
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SPC accounts for part of the reason that the elastic moduli of
its composites were higher than that of soy protein in the
small strain region. Other factors include the difference in
filler—rubber interaction in the stress softening effect that
will be discussed later. The glass transition temperatures
are, however, not affected by the inclusion of these fillers
due to their larger aggregate size and limited surface area.
The T, of SPC and soy potein composites did not show any
significant shifting as the filler concentration was increased
from 0 to 40% (Fig. 2). The broadening of G” transition as
the filler content is increased may indicate the effect of filler
immobilized polymer phase. A better understanding can be
made by examining the SEM pictures of both SPC and soy
protein in Fig. 3. Fig. 3(a) shows that soy protein aggregates
are embedded in the film-like soy carbohydrate. Comparing
with Fig. 3(b), it is clear that soy protein aggregates have
globular structure, while soy carbohydrate has a film-like
structure. To examine whether soy carbohydrate can behave
as an adhesive network to bridge the soy protein aggregates,
the aggregate size measurements were conducted in water
under ultrasonic dispersion. The size distribution curves are
shown in Fig. 4. After both SPC and soy protein dispersion
were subjected to the same ultrasonic dispersion for the
same period, soy protein aggregates were significantly
reduced in size while the SPC only changed slightly.

Fig. 3. (a) The SPC film on an aluminum substrate showing the soy protein
aggregates are embedded in the soy carbohydrate film. (b) Soy protein
aggregates on a gray mottled aluminum substrate. The scale of black bar
located at the right bottom corner is 1 pm.

20 | | |
(a)

15 = -
= Soy g
g 10} —
5 SPC
o
>

5 |— —

0= l = |

0.1 1 10 100 1000
Aggregate Size (pm)
20 T 1 T
(b)

15— SPC —
5 Soy -
S 10} -
E
=
z

5 f— -

0 1 | |

01 1 10 100 1000

Aggregate Size (um)

Fig. 4. The measurements of volume weighted aggregate size in water. Both
SPC and soy protein aggregates were subjected to one hour of ultrasonic
dispersion. Aggregate size of soy protein could be significantly reduced and
the size distribution curve was shifted to the left, while that of the SPC only
changed slightly.

This indicates the protein embedded SPC aggregates are
strong and the soy carbohydrate is capable of holding the
protein aggregates together. This effect is also expected to
be operating in the composites in terms of enhancing the
filler network strength in the small strain region. The
significant difference between the volume and number
distribution of SPC dispersion in Fig. 4 indicates a
substantial inhomogeneity in the SPC dispersion. Based
on volume average size in water, SPC has a mean diameter
of ~66 um and a size range of 5-500 pm. Soy protein
aggregates has a mean diameter of ~4 um and a size range
of 1-15 um.

Another difference between SPC and soy protein
composites is that the elastic moduli of soy protein
composites decreased more rapidly with increasing tem-
perature, whereas the elastic modulus of SPC composites
tended to decrease slowly with temperature and then
reached a plateau value. This was most evident in the
temperature range above ~75 °C as shown in Fig. 1. This is
an interesting indication that the strength of filler network
structures of these two types of fillers in the composites is
different. This also indicates the SPC filled rubber
composites have better high temperature stability, whereas
the network structure of soy protein aggregates are
weakened by the increasing temperature.
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Fig. 5. Elastic moduli of SPC and Soy composites in the small strain region
plotted against weight and volume fractions. The measurements were
conducted at 0.16 Hz and 140 °C.

In the rubber plateau region, the elastic moduli of SPC
and soy protein composites were plotted against the weight
and volume fraction of fillers (Fig. 5). The SPC generated a
more significant reinforcement effect than the soy protein in
the concentration range studied, and the difference between
the moduli of SPC and that of the soy protein was greater
in the higher concentration region than the lower
concentration region. From the slope of elastic modulus
vs. volume fraction, it was observed that the modulus of
SPC composites increased more rapidly than that of the
protein composites. The slope of plots in Fig. 5(b) is ~ 3 for
SPC composites and is ~2.6 for soy protein composites.
Overall, SPC showed a substantial improvement over
protein in the reinforcement of elastomer.

3.2. Stress softening effect

The stress softening effect occurs in most filled
elastomers. In these systems, the stress required to deform
the filled rubber at a given elongation is reduced during

the second cycle of deformation. The effect is also called
Mullin effect because of his extensive studies on this
phenomenon [23,24]. The stress softening effect is generally
considered to be caused by filler related structures and
therefore can yield some insight into the filler structures
[17]. The stress softening effect of 100% styrene-butadiene
(SB) rubber, 30% SPC filled styrene-butadiene rubber
composite (30/70 SPC/SB), and 30% soy protein filled
styrene-butadiene rubber composite (30/70 Soy/SB) is
shown in Fig. 6. Similar to carbon black or silica filled
elastomers [17], the SPC and soy protein composites show a
significant reduction in the shear elastic modulus after the
first strain cycle. At 80 °C, the strain sweep curves for both
30/70 SPC/SB and Soy/SB composites become more
reproducible after four cycles of dynamic strain. 100%
styrene-butadiene rubber also shows a stress softening
effect, but its contribution to the stress softening effect of the
composites is not significant. This is evident by comparing
the differences between the first and the eighth strain cycle
of shear elastic modulus in Fig. 6(a) and (b). G’ difference
between the first and the eighth cycle at 0.1% strain is
0.14 MPa for SB and is 96 MPa for the 30/70 SPC/SB
composite. The contribution of stress softening effect from
the rubber is less than 0.5% in the 30/70 SPC/SB or 30/70
Soy/SB composites. The stress softening effect in SPC/
rubber composites comes mostly from the contribution of
the SPC related structures such as the SPC network and
SPC—rubber interactions. The increasing magnitude of
strain (deformation) in the first four strain cycles apparently
causes the filler network to break down and possibly the
polymer chains to detach from the filler aggregates. In this
aspect, the current SPC/rubber composites are not very
different from the well-known carbon black filled rubber
composites. After four strain cycles, filler related network
structures can be broken and reformed and is an indication
of reaching an equilibrium condition. The mechanism of
agglomeration and de-agglomeration of fillers is based on
the elasticity of the filler-immobilized rubber network and
not from the elasticity of the filler network, because the rigid
filler network is broken when it is deformed beyond the
small strain region. The recovery of the deformed composite
therefore comes entirely from the elasticity of the filler-
immobilized rubber shell around the fillers. The network
structure of the immobilized rubber shell around the filler
network is a reflection of filler structure and therefore can be
characterized by the filler structure. The immobilized rubber
network is analogous to a rubber with a higher crosslinking
density and therefore has a better memory to return to its
original shape when compared to a rubber with a lower
crosslinking density. A stronger interaction between the
filler and the rubber matrix has been shown to be effective in
improving modulus recovery [25].

For loss modulus under cyclic strain, the energy
dissipation process became less pronounced and the
maxima were shifted to the lower strain amplitudes. The
structure responsible for the energy dissipation process is
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Fig. 6. Elastic modulus (G'), loss modulus (G"), and loss tangent (Tan 6) were measured in the strain sweep experiments: (a) 100% SB at 80 °C (b) 30/70

SPC/SB composite at 80 °C (c) 30/70 Soy/SB composite at 80 °C.

apparently reduced after the first four cycles. In the eighth
strain cycle, the value of Tan ¢ within 0.1-1% strain is 0.08—
0.15 for the SPC composite (Fig. 6(b)) and is 0.2-0.25 for
the protein composite (Fig. 6(c)). The same trend was also
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observed in the lower strain region of 0.01-0.1% strain. The
lower damping of the SPC composite indicates the SPC
composite has a stronger structure than the protein
composite.
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Fig. 7. Elastic modulus (G'), loss modulus (G”"), and loss tangent (Tan 6) were measured in the strain sweep experiments: (a) 30/70 SPC/SB composite at
140 °C (b) 30/70 Soy/SB composite at 140 °C. R indicates the recovery curve after the samples are conditioned at 140 °C for 24 h.
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The magnitudes of shifting in the position of loss maxima
in Fig. 6(b) and (c) are also different. At 80 °C, the Soy/SB
composite in Fig. 6(c) exhibits a loss maximum at 1.2%
strain in the first cycle, whereas SPC/SB composite in
Fig. 6(b) has a loss maximum at 2.2% strain in the first
cycle. In the eighth cycle, the loss maximum of protein
composite occurs at 0.3% strain and that of the SPC
composite occurs at 1.5% strain. A greater shifting of loss
maximum towards the lower strain at the eighth cycle in the
protein composite may indicate the protein related network
structure is slower to recover than that of the SPC composite
within the same period. This is not an effect of filler volume
fraction, since the densities of SPC (1.35 g/cm3) and soy
protein (1.3 g/lcm®) are similar. At 140°C, the same
phenomenon was again observed in Fig. 7. This observation
is also consistent with the recovery curves shown in
Fig. 7(a) and (b), where the SPC composite recovered
73% of its G}, and the soy protein composite only recovered
52% of its G}. The percentage of recovery is defined here as
the fraction of its initial elastic modulus at 0.01% strain (first
cycle), but not the recovery from the modulus at the eighth
cycle. This indicates that the SPC composite had a better
recovery in the modulus values than that of the protein
composite under the same conditions. Previously, it was
shown that a stronger filler—rubber interaction could yield a
better recovery behavior [25]. Therefore, a stronger SPC—
rubber interaction in the SPC composites compared with
that of the soy protein can explain these recovery behaviors.

3.3. Elasticity of SPC related rubber structures

In order to obtain more information on the reinforcement
effect of SPC, the composites were subjected to oscillatory
strain at different magnitudes similar to the previous stress
softening experiments. The shear elastic moduli of filled
elastomers with 20 and 30% of SPC and soy protein
aggregates are shown in Fig. 8. The data shown is the eighth
cycle of strain sweep. The resulting modulus—strain spectra
are similar to that of carbon black [17]. The reduction of
shear elastic modulus with increasing strain is a familiar
phenomenon reported by Payne on carbon black filled
rubbers in the early 1960s. Later Kraus [26] proposed a
phenomenological model based on Payne’s idea of filler
networking. The model is based on the aggregation and de-
aggregation of carbon black agglomerates. In this model, the
carbon black contacts are continuously broken and reformed
under a periodic sinusoidal strain. Based on this kinetic
aggregate forming and breaking mechanism at equilibrium,
elastic modulus was expressed as follows:

-G, 1
Gy—Gh 1+ (o™

(D

where G, is equal to G'(v) at very large strain, G}, is equal
to G'(y) at very small strain, . is a characteristic strain
where G), — G., is reduced to half of its zero-strain value,
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Fig. 8. Elastic moduli of the eighth cycle of strain sweep experiments at
140 °C and 1 Hz. (a) 30/70 SPC/SB composite (b) 20/80 SPC/SB composite
(c) 30/70 Soy/SB composite (d) 20/80 Soy/SB composite. Solid lines are
the fit from the Kraus model.

and m is a fitting parameter related to filler aggregate
structures. Eq. (1) has been shown to describe the behavior
of G'(v) in carbon black filled rubber reasonably [15]. The
loss modulus and loss tangent, however, do not have a good
agreement with experiments [27], mainly due to the
uncertainty in the formulation of a loss mechanism.
Recently, Huber et al. also modeled the Payne effect and
gave a similar expression as the Kraus model, but with a
physical interpretation of the fitting parameter m in the
Kraus model. Based on the cluster—cluster aggregation
(CCA) model, Huber et al. [28] obtained m=1/(C—d;+2),
where C is a connectivity exponent related to the minimum
path along the cluster structure and d; is the fractal
dimension of clusters. Therefore, the fitting parameter m
has a physical meaning related to filler structures or filler
immobilized rubber structures. The fractal dimension of
fractal-like protein clusters can be estimated from the slope
in Fig. 5 by using the strong link model [29] because the
protein aggregates form a network above the percolation
threshold. The strong link model indicates log G ~ (3+ C)/
(3—dy) log ¢, where ¢ is the volume fraction of particles
and C and d; have been defined previously. C takes a value
from 1 to d [29]. For soy protein aggregates, dr is estimated
to be 1.35-1.48. The parameter m can be estimated from the
fractal dimension of soy protein aggregates and is
approximately in the range 0.47-0.65. The agreement
between the estimation and the best fit of experimental
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Table 1
Fit parameters of shear elastic modulus®
Composition Best fit®

m (%) G, (MPa) G,,(MPa)
SPC/SB Fourth cycle Eighth cycle Eighth cycle Eighth cycle Eighth cycle
20/80 0.77£0.02 0.78 +0.02 1.421+0.03 40.4£0.1 145403
30/70 0.71£0.01 0.73£0.02 0.63+£0.02 155.3+0.4 67.2+1.1
Soy/SB
20/80 0.51£0.02 0.4610.02 1.88+0.13 8.25+0.03 3.53+0.13
30/70 0.5110.02 0.461+0.02 1.39£0.07 16.9£0.06 6.201+0.2

% Measured at 140 °C.
b Best fit of shear elastic modulus vs. strain with the Kraus Model.

data shown in Fig. 8 and Table 1 is reasonable and is similar
to that of carbon black composites, m=0.5—0.6 [15,30].
For SPC composites, the estimated fractal dimension from
Fig. 4 is 1.49-1.65 and the parameter m is estimated to be
0.46-0.74. The estimated range for parameter m is some-
what large due to the uncertainty in the parameter C.
Furthermore, the SPC structure consisting of soy carbo-
hydrate embedded with protein aggregates may no longer fit
the definition of particle aggregate. Therefore, it may not be
appropriate to use fractal-like description for the SPC
composites. However, an empirical fit is provided to
demonstrate the difference in the curve shapes (Fig. 8)
between the SPC and protein composites. In general, the
fitting parameter m=0.75 for SPC composites is obviously
different from that of soy protein composites and reflects a
difference in their structures shown in Fig. 3.

4. Conclusion

SPC was incorporated at different levels into carboxy-
lated SB elastomers. In the rubber plateau region, a very
significant increase in the equilibrium storage modulus of
dry composites was observed when compared with that of
the 100% carboxylated SB elastomer. The observed
significant reinforcement effect was studied by dynamic
temperature sweep experiments and compared with that of
soy protein. At the same weight fraction of fillers, SPC
exhibited a higher reinforcement effect than that of soy
protein in the rubber plateau region and had better high
temperature stability. The composites were also studied by
using the dynamic strain sweep experiments to understand
the filler related structures. Both SPC and soy protein
structures exhibited similar behavior in terms of reversible
structure breakdown after four cycles of dynamic shear
strain. The SPC composites exhibited a better recovery
behavior after eight cycles of dynamic strain, indicating a
stronger filler—rubber interaction. The Payne effect of SPC
and protein composites at 140 °C was interpreted using the
Kraus model. The fitting parameter m for SPC composites
was found to be different from that of soy protein
composites. This study indicates that the use of SPC in

rubber composites is a better option than soy protein in
terms of both composite properties and cost.
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